Abstract Mango ginger (Curcuma amada) was dried in a through-flow dryer system at different temperatures (40-70°C) and air velocities (0.84 -2.25 m/s) to determine the effect of drying on drying rate and effective diffusivity. As the temperature and air velocity increased, drying time significantly decreased. Among the ten different thin layer drying models considered to determine the kinetic drying parameters, semi empirical Midilli et al., model gave the best fit for all drying conditions. Effective moisture diffusivity varied from 3.7 × 10 −10 m 2 /s to 12.5 × 10 −10 m 2 /s over the temperature and air velocity range of study. Effective moisture diffusivity regressed well with Arrhenius model and activation energy of the model was found to be 32.6 kJ/mol. Artificial neural network modeling was also employed to predict the drying behaviour and found suitable to describe the drying kinetics with very high correlation coefficient of 0.998.
Introduction
Curcuma amada popularly known as mango ginger is a perennial, rhizomatous herb and unique species belonging to Zingiberace family which resembles Zinger but imparts raw mango flavor. C.amada originated in the Indo-Malayan region, widely distributed and cultivated in different parts of India. Due to its exotic flavor of raw unripe mango, it is used in pickles, candies, curries, salads, etc. in Indian subcontinent (Sasikumar 2005; Policegoudra et al. 2011) . The volatile oils of the mango ginger contain the mixtures of compounds present in both raw mango and turmeric (Golap and Bandyopadhyaya 1984; Rao et al. 1989 ). The spice is credited for applications in traditional Ayurveda and Unani medicine system as appetizer, antipyretic, laxative, diuretic, emollient etc. It also has biological properties like antioxidant (Prakash et al. 2007; Policegoudra 2007a) , antimicrobial (Policegoudra et al. 2007b) , antifungal (Singh et al. 2002) , anti-inflammatory (Mujumdar et al. 2000) activity etc. Mango ginger is also an unconventional source of starch having potential functional properties (Policegoudra and Aradhya 2008) . Conventional drying of mango ginger involves washing of rhizomes to remove dirt, slicing and sun drying. Artificial drying of mango ginger will solve many problems associated with conventional process. Drying is a complicated unit operation process involving simultaneous, coupled heat and mass transfer, particularly under transient conditions (Diamante et al. 2010) . It is one of the oldest methods of preservation and one of the most important in post-harvest processing of fruits, vegetables and other agricultural products to reduce the moisture content which increases the self-life by decreasing the enzyme activity and microbial activity and spoilage of food products (Mujumdar and Law 2010; Guine et al. 2012) . Also, it brings about substantial reduction in weight and volume thereby minimizing packaging, storage and transportation costs (Okos et al. 1992) . The most common method of drying is natural drying (sun drying or shade drying) and hot air drying because of their low cost. The disadvantages of natural drying are: contamination with dust, insects etc. in drying environment, extremely weather dependent and longer drying time. Therefore, hot air drying is a cost effective method of drying which provides uniformity and hygiene, and is inevitable for food drying process (Diamante and Munro 1993; Doymaz and Pala 2002) . Several studies have been carried out by researchers to investigate the convective hot air drying characteristics of the fruits and vegetables: apple (Sacilik and Elicin 2006) , carrot (Doymaz 2004) , red pepper (Doymaz and Pala 2002) , banana (Karim and Hawlader 2005) , kiwi fruit (Simal et al. 2005) , black grapes (Togrul 2010), eggplant (Ertekın and Yaldız 2004) , figs (Babalis et al. 2006 ) and sweet potato (Diamante and Munro 1993) . There is no literature available on hot air drying behavior of mango ginger in spite of its high medicinal and food value even though research work has been reported on microwave drying of mango ginger by the present authors (Krishna Murthy and Manohar 2012) . Dried mango ginger find applications in imparting flavor of mango and ginger in food preparations of ready mixes and extraction of volatiles.
Mathematical modeling of the drying process and equipment is an important aspect of drying technology in postharvest processing of agricultural materials. Numerous mathematical equations can be found in literatures that describe drying phenomena of agricultural products. Some of the models frequently used by researchers for application in drying studies are listed in Table 1 . Among them, thin layer drying models have found wide application due to their ease of use. Thin layer drying means to dry the sample as a single layer. These models can be categorized as theoretical, semi-theoretical and empirical model (Akpinar 2006; Midilli et al. 2002; Park et al. 2002) . The theoretical models suggest that the moisture transport is controlled mainly by internal moisture mechanism and needs assumption of geometry of the food material, mass diffusivity and heat conductivity. The most widely investigated theoretical drying model is Fick's second law of diffusion (Babalis et al. 2006) . Semi theoretical models and empirical models consider only the external resistance to the moisture transport and are valid only in the specific range of temperature, air velocity and humidity for which they were developed (Ozdemir and Devres 1999) . Semi-theoretical models are derived from the general solutions of Fick's second law of diffusion. Some commonly used semi-theoretical models are Page model, Handerson and Pabis model, Lewis model, Two term model, Approximation of diffusion model, Midilli et al., model . Empirical models derive a direct relationship between average moisture content and drying time. They neglect fundamentals of the drying process and their parameters have no physical meaning. Therefore, they cannot give clear and accurate view of the important processes occurring during drying although they may describe the drying curve for the conditions of the experiments. Among them, Wang and Singh model and Thompson model have found applications in the literature (Hii et al. 2009 ). These models are easily applied to drying simulations as they depend on the experimental data.
Artificial Neural Network (ANN) is an alternative approach to mathematical modeling for prediction of drying kinetics. They have the ability to learn by experience and do not require parameters of physical models. ANN is capable of handling complex systems with nonlinearities and interactions between decision variables (Lertworasirikul 2008) . Many authors successfully used ANN to describe the drying characteristics of many agricultural products; carrots (Erenturk and Erenturk 2007) , ginseng (Martynenko and Yang 2006) , tomato (Movagharnejad and Nikzad 2007) , cassava and mango (Hernàndez-Pèrez et al. 2004) , grain (Liu et al. 2007 ), Echinacea angustifolia (Erenturk et al. 2004) .
The objective of the present investigation is (a) to observe the effect of temperature and air velocity on drying characteristics of mango ginger (b) to select the best model among several thin layer drying models which explains the moisture removal behavior of mango ginger (c) to calculate effective moisture diffusivity and the activation energy and (d) to predict the moisture content at different temperatures and air velocities during the course of drying using Artificial Neural Network methodology.
Materials and methods

Experimental material
The fresh mango ginger rhizomes were procured from local market, Mysore, India. Rhizomes were washed in running tap water to remove adhered soil and stored in cold room at 4±1°C until they were taken for drying studies. Moisture content was determined by toluene distillation method as per ASTA (1985) and average initial moisture was found to be 9±0.25 kg water. kg db −1 . Before each drying experiment, the thin slices of rhizome were obtained using slicing machine (M/s Robot coupe, USA, Model: CL 50 Gourmet). At least 20 slices were measured for the thickness using Vernier caliper and the average thickness was 1.77 ±0.02 mm. The slices were circular with diameters ranging between 10 to 15 ±0.02 mm.
Hot air dryer
The hot air drying experiments were conducted in laboratory microwave-convective dryer (Heindl GmbH, Mainburg, Germany) without operating the microwave component of the dryer (Fig. 1) . The dryer consists of ventilator (600 m 3 /h), electrical heating coils (2.25 kW/400 V/50 Hz), single tray (400 × 200 × 40 mm) with holes having diameter of 5 mm. The ambient air passes through heating coils and gets heated up to the required temperature and enters the drying chamber in through flow mode and escapes via ventilator. The hot air was not circulated back to the system. Temperature and velocity of the hot air were measured by means of transducers provided in the control panel.
Drying procedure
The dryer was allowed to run for some time prior to loading of material to allow the air to reach the desired temperature. The sliced rhizome of 150 g were placed on the tray in the drying cabinet and arranged in a single layer. To study the effect of temperature and air velocity on drying kinetics of moisture removal during hot air drying, the experiment was performed at four different temperatures 40, 50, 60, 70°C with a constant air velocity of 0.84±0.02 m/s. To study the effect of air velocity on drying, studies were carried out at four different air velocities 0.84, 1.36, 1.84, 2.25 m/s under constant air temperature of 60°C. The moisture loss was recorded at regular intervals of time using the digital weighing balance (OHAUS-Adventure, USA, Model: ARB120) with the measurement precision of ±0.01 g. Each drying experiment was conducted in triplicate and average values are reported with standard deviation. The drying experiments were carried out until there was no further change in the three consecutive weights.
Mathematical modeling
The experimental moisture content (kg water. kg db −1 ) data of mango ginger during hot air drying process were converted to dimensionless moisture ratio (MR) number using the equation:
Where X o is the initial moisture content, X t is the moisture content at time t and X e is the equilibrium moisture content (Shittu and Raji 2011; Ertekin and Yaldiz 2004; Wang et al. 2007) . Equation 1 can be further simplified to MR = X t /X o as the values of X e is relatively small compared to X o and X t for long drying time (Diamante and Munro 1993; Esturk 2012; Wang et al. 2007) .
The drying rate (dx/dt) during the experiments was calculated using the following equation:
Where X t+dt is the moisture content at time t+dt and X t is the moisture content at time t is the drying time measured in minutes (Ozbek and Dadali 2007) . The experimental data of dimensionless moisture ratio Vs drying time were fitted to 10 different thin layer dying models listed in Table 1 .
Statistical analysis and evaluation of drying models
Nonlinear least square method using the SOLVER tool based on the Generalized Reduced Gradient (GRG) method (Gunhan et al. 2005) . High R 2 (closer to 1) value represents the best fit. Statistical parameters may be computed from the following mathematical equations.
Where N is the total number of observations, p is number of factors in the mathematical model, MR exp,i and MR pre,i are the experimental and predicted moisture ratio at any observation i. In nonlinear regression RSS is the important parameter and ideal value is zero (Sun and Byrne 1998). Relative percentage deviation compares the absolute differences between the predicted moisture content with the experimental moisture content throughout the drying process. The relative percent errors below 10 % indicate very good fit (Roberts et al. 2008; Ozdemir and Devres 1999) . RMSE and CS compare the differences between the model predicted values of moisture ratios to the experimental moisture ratios. The values of the RMSE and CS are always positive. Lower values indicate the closeness of experimental value with predicted value and goodness of fit (Midilli and Kucuk 2003) .
Estimation of effective moisture diffusivity Drying phenomenon of biological products takes place in the falling rate period after a short heating period (Ozbek and Dadali 2007; Falade and Solademi 2010) . It is generally accepted that liquid diffusion is the only physical mechanism to transfer water to surface to be evaporated. Fick's second law given in Eq. 7 can be used to describe the drying process of the mango ginger. It is a unidirectional diffusion equation and can be used for various regularly shaped bodies such as rectangular, cylindrical and spherical products.
Where X is the moisture content (kg.water.kg db
), t is the time (s), z is the diffusion path (m), D eff is the moisture dependent diffusivity (m 2 /s) (Akpinar 2006; Doymaz 2004; Wang et al. 2007 ). Analytical solution to Eq. 7 was developed by Crank (1975) and following assumptions were made in arriving the solution: uniform distribution of initial moisture throughout the sample, negligible internal resistance to mass transfer, moisture transport/mass transfer by diffusion mechanism, Constant diffusion coefficient, negligible product shrinkage during drying, surface moisture content of the sample instantaneously reaches equilibrium with the condition of surrounding air (Ozbek and Dadalli 2007; Doymaz 2004) . Appropriate initial and boundary conditions for solving the Eq. 7 are given below (Akpinar 2006) :
The solution of the Eq. 7 for infinite slab of thickness 2L is:
For long drying period, Eq. 8 can be further simplified to only the first term of the series (Tutuncu and Labuza 1996) :
The Eq. 9 could be further simplified to a straight line equation as given below:
Effective moisture diffusivity was typically determined by plotting experimental drying data in terms of ln (MR) Vs drying time and found from the slope (π 2 D eff /4L
2 ) according to Eq. 10.
Analysis of drying data by artificial neural network
Configuration of ANN used in the present study shown in Fig. 2 is a multilayer perceptron (MLP) feed-forward network with one input layer, one hidden layer and one output layer. The input variables in the input layer are temperature of hot air, air velocity and drying time and the only output variable in the output layer is the moisture content of mango ginger at any time. The software program written as a Macro in Microsoft-Excel uses feed-forward back-propagation algorithm for training and testing (Tiberius version 7.0.3, http://www.tiberius.biz/). The activation function used in the algorithm is hyperbolic tangent. The software allows varying the parameters of ANN process like learning rate, weights, number of nodes in the hidden layer between the ranges of values. These are varied progressively to arrive at the maximum coefficient of determination for the training data as the number of epochs (learning cycles) increased. Eighty percent of experimental data points were randomly selected for training purpose while the remaining data were set for testing purpose.
Results and discussion
Effect of temperature on drying kinetics of mango ginger Drying curves of moisture ratio Vs drying time reflecting the effect of temperatures at constant air velocity of 0.84 m/s is shown in Fig. 3a . The drying process was assumed to be finished when changes in moisture loss were negligible. Drying time to reduce the initial moisture content of 9 kg water. kg db −1 to 0.1 kg water. kg db −1 decreased substantially as the temperature increased. When drying is carried out at a constant air velocity of 0.84 m/s, drying time decreased about 2.6 times when drying temperature increased from 40 to 70°C. Drying rates calculated from Eq. 2 against drying time at different temperatures at constant air velocity of 0.84 m/s are shown in Fig. 3b . Constant drying rate period was not observed in any of the experiments. Drying process of mango ginger presented a typical falling rate period with a shorter accelerating phase at the start. Entire drying took place in the falling rate period like most food products. Drying rate was predominantly in the falling rate period, indicating that diffusion is the mechanism governing the moisture removal during hot air drying of mango ginger. Drying rate is directly proportional to the temperature and as the temperature increased, drying rate also increased significantly and resulted in shorter drying time. Figure 3c shows the drying rate as a function of moisture content. As the moisture content decreases drying rate also decreased. The average drying rates varied from 0.045 kg water. kg.db −1 .s −1
(at 40°C) to 0.089 kg water. kg.db −1 .s −1 (at 70°C).
Dimensionless moisture ratio was regressed against the drying time according to the thin layer drying models presented in Table 1 . All the proposed models showed higher values of R 2 and lower values of RSS, RMSE and CS. But the Relative Percentage Deviation, another statistical test selected to evaluate the performance of selected models, varied significantly. Comparing the various statistical parameters of various models, Midilli et al. model was selected as the best model to predict the drying characteristics of mango ginger undergoing hot air drying as the values of RPD were found to be less than 10 % except at 40°C temperature (air velocity of 0.84 m/s). The RPD values for other models were found to be greater than 10 % indicating comparatively poorer fit to experimental data. The estimated value of statistical parameters and constant parameters of Midilli et al. model were presented in Table 2 and the regression of the model to experimental drying data was illustrated in Fig. 3 .
Effect of air velocity on drying kinetics of mango ginger Figure 4a shows the effect of air velocity on progress of moisture ratio with drying time at constant air temperature of 60°C. Drying time of the sample decreased from 120 min. to 95 min. as the air velocity increased from 0.84 m/s to 2.25 m/s for the same reduction moisture content from the initial moisture content of 9 kg water. kg db −1 to 0.1 kg water. kg db −1 . Effect of air velocity on drying rate as a function of drying time is plotted in Fig. 4b . Effect of air velocity on drying rate as a function of moisture content is also shown in Fig. 4c . As the moisture content decreased, drying rate also decreased at all air velocities. Highest drying rate of about 0.45 kg water kg −1 d.b.s −1 was observed while employing air velocity of 2.25 m/s (Fig. 4c) . It can be seen that at moisture content of about 7 kg water. kg db −1 , drying rate at air velocity of 2.25 m/s is almost double that of drying rate when air velocity is at 0.84 m/s.
Effect of temperature and velocity on effective moisture diffusivity
The method of slope was used to calculate the effective moisture diffusivities of mango ginger. According to Eq. 10, a plot of ln (MR) vs drying time gives a straight line with the slope (π 2 D eff /4L 2 ). The effective moisture diffusivities and corresponding coefficient of determination (R 2 ) values are presented in Table 3 for various temperatures and air velocities. Variation of effective diffusivity with temperature is illustrated in Fig. 5a . During hot air drying at various temperatures, the effective moisture diffusivities of mango ginger varied from 3.7 × 10 −10 m 2 /s to 12.5 × 10 −10 m 2 /s as the temperature increased from 40°C to 70°C indicating an increase of 225 % in diffusivities. On the other hand, the effective moisture diffusivities varied form 8.34 × 10 −10 m 2 /s to 9.32 × 10 −10 m 2 /s as the air velocity increased from 0.84 m/s to 2.25 m/s. While velocity increased by 2.7 times, effective diffusivity increased only by 12 %. The temperature effect has been more pronounced than the effect of air velocity on moisture diffusivity. Similar trend has also been reported by other researchers related to agricultural materials undergoing analogous drying conditions. For example 2.25 -7.29 × 10 −10 m 2 /s for Pepino (Uribe et al. 2011 ), 1.47 × 10 −10 -2.19 × 10 −9 m 2 /s for black grapes 
Calculation of activation energy
The effect of temperature on the effective moisture diffusivity is often described using Arrhenius type simple exponential relationship (Eq. 11 below) to obtain better agreement of the predicted curve with experimental data (Ozdemir and Devres 1999; Doymaz 2004; Falade and Solademi 2010; Uribe et al. 2011) .
Where (Park et al. 2002) , okra, 51.26 (Doymaz 2005) , pumpkin, 32.26 kJ.mol −1 (Guine et al. 2012 ) and low moisture rapeseed, 28.47 kJ.mol −1 (Duc et al. 2011) . It can be seen that there is wide variation in reported values of activation energies in view of the complex structure of food materials. The relationship between drying rate constant and effective moisture diffusivity
The relationship between drying rate and effective moisture diffusivity using Eqs. 11 and 12 with the assumption that activation energy values are quite similar as reported in previous section (Ozbek and Dadalli 2007) was derived as below:
The theoretical values of drying rate constant (k th ) are obtained from Eq. 12 and the theoretical values of effective moisture diffusivity ((D eff ) the ) are obtained from Eq. 11 for the present work . The k th values were regressed against the effective moisture diffusivity values according to the Eq.13 with coefficient of determination (R 2 ) and reduced chi square values of 0.999 and 1.99 × 10 −8 respectively. The estimated value of constant (α) was 1.67 × 10 7 min −1 m −2 s. Prediction of drying kinetics by ANN ANN can predict the drying kinetics as a function of time and velocity at all the temperatures in range of study very well since the experimental drying data was fed as per the configuration shown in Fig. 2 . A learning rate of 0.001 with 10 hidden nodes in the hidden layer predicted the drying behavior well in the entire range of study. Prediction of moisture content by ANN is poor at the end of drying as the absolute relative error was very high. Relative percentage deviation of moisture content predicted by ANN is 15.3 %. The prediction by ANN towards the end of drying is higher by nearly 100 % compared to actual values at some experimental points. But, statistical significance for prediction of moisture content by ANN for the entire data set is very high as denoted by high R 2 of 0.998. ANN prediction of moisture content at different temperatures and air velocities are illustrated in Fig. 6a and b respectively. There are few studies in literature on application of ANN to drying of food materials. Erenturk and Erenturk (2007) found ANN better suited to air drying of carrot (R 2 of 0.999) compared to mathematical models (R 2 of 0.998). Ramesh et al. (1996) successfully applied the ANN approach to air drying of cooked rice in predicting the moisture content of rehydrated cooked rice. The present study does not come as a surprise, as an earlier study by the authors on microwave drying of mango ginger indicated the satisfactory application of ANN to predict the moisture content as a function of microwave power and drying time (Krishna Murthy and Manohar 2012).
Conclusion
Hot air drying kinetics of mango ginger was studied in a through-flow dryer system at drying temperatures 40-70°C at constant air velocity of 0.84 m/s and effect of air velocity (0.84-2.25 m/s) at 60°C was also studied. Among various empirical and theoretical thin layer models regressed to experimental drying data, semi-empirical Midilli et al., model fitted best based on statistical comparison parameters. To understand the mass transfer mechanism, effective moisture diffusivity was calculated at different temperatures and air velocities and calculated values ranged from 3.7 × 10 /s as the air velocity increased from 0.84 m/s to 2.25 m/s. There was increase in effective moisture diffusivity with increase in temperature and air velocity. Activation energy which describes the effect of temperature on moisture diffusivity was found to be 32.6 kJ/mol. The relationship between the effective moisture diffusivity and drying rate constant was also evaluated and showed a linear relationship. It was also established that artificial neural network modeling could also be employed as alternative effective tool to describe the drying phenomena.
